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Abstract 



It is now agreed that mergers play an essential role in the evolution of galaxies and therefore that mergers of supermassive 
^— I black holes (SMBHs) must have been common. We see the consequences of past supermassive binary black holes (SMBs) in the 
light profiles of so-called 'core ellipticals' and a small number of SMBs have been detected. However, the evolution of SMBs is 
poorly understood. Theory predicts that SMBs should spend a substantial amount of time orbiting at velocities of a few thousand 
kilometers per second. If the SMBs are surrounded by gas observational effects might be expected from accretion onto one or both 
O-iof the SMBHs. This could result in a binary Active Galactic Nucleus (AGN) system. Like a single AGN, such a system would emit 



a broad band electromagnetic spectrum and broad and narrow emission lines. 



in 

The broad emission spectral lines emitted from AGNs are our main probe of the geometry and physics of the broad line region 
(BLR) close to the SMBH. There is a group of AGNs that emit very broad and complex line profiles, showing two displaced peaks, 
one blueshifted and one redshifted from the systemic velocity defined by the narrow lines, or a single such peak. It has been 
proposed that such line shapes could indicate an SMB system. We discuss here how the presence of an SMB will affect the BLRs 
of AGNs and what the observational consequences might be. 
• , We review previous claims of SMBs based on broad line profiles and find that they may have non-SMB explanations as a 
1^ consequence of a complex BLR structure. Because of these effects it is very hard to put limits on the number of SMBs from broad 
II hne profiles. It is still possible, however, that unusual broad line profiles in combination with other observational effects (line ratios, 
O quasi-periodical oscillations, spectropolarimetry, etc.) could be used for SMBs detection. 

^ Some narrow lines (e.g., [OIII]) in some AGNs show a double-peaked profile. Such profiles can be caused by streams in the 
^ Narrow Line Region (NLR), but may also indicate the presence of a kilo-parsec scale mergers. A few objects indicated as double- 
I— I peaked narrow line emitters are confirmed as kpc-scale margers, but double-peaked narrow line profiles are mostly caused by the 
complex NLR geometry. 

We briefly discuss the expected line profile of broad Fe Ka that probably originated in the accretion disk(s) around SMBs. This 
line may also be very complex and indicate the complex disk geometry or/and an SMB presence. 

Finally we consider rare configurations where a SMB system might be gravitationally lensed by a foreground galaxy, and discuss 
the expected line profiles in these systems. 
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1. Introduction 

The investigation of black holes is one of the most intrigu- 
ing subjects in science and black holes have been a subject of 
investigation for over two centuries. In the last few decades 
investigations of black holes ranging in mass from sub-atomic 
masses (quantum black holes) to galactic masses (super mas- 
sive black holes; SM BHs) have bee n carried out (for more de- 
tails see the review of lBritzenlbOlli in this issue and references 
therein). We are concerned here with SMBHs. We would like 
to know how these enigmatic objects have grown over cosmic 
time to the sizes they have today. It is now recognized that 
massive galaxies grow through mergers and since it is well es- 



tabUshed that at least every massive galaxy harbors a supermas- 
sive black hole, one can expect the formation of super-massive 
binary black holes (SMBs ) in the center of galaxies that hav e 



undergone major mergers ( Begelman et al. , 1980t Roos , 1981 ). 



The evolution of SMBs foll owing the merge r of the ir parent 



galaxies was first described by Begel man et al. (Il980 h. and the 
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Standard picture of SMB evolution is that the SMBs separation 
decreases, first through dynamical friction due to distant stellar 
encounters, then through gravitational slingshot interactions in 
which nearby stars are ejected at velocities comparable to the 
SMB orbital velocity when the orbital speed is comparable to 
the stellar velocity dispersion. Finally, the orbit decays through 
the emission of gravitational radiation, ultimately leading t o 
coalescence of the binary (see lMerritt & Milosavhevid, 120051) . 
SMBs are expected to be among the primary sources of low- 
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frequency gravitational waves detectable by the Laser Inter 



ferometer Space Antenna (LISA, see e.g. ISesana et al.L l2005h 



These waves will be useful to constraint cosmological parame- 
ters and to test general relativity 

The gaseous accretion flow which forms around the SMBs 
(before the coalescence pha se) can be a source of electro- 



any associated AGN (see Loeb, 2010l) . 

The suggestion of a connec tion between AGNs and 
SMBs is no t new (see Romberg 
198(* IRoosI, 1 198 it lOaskell 



1968ab; 
.1983. .1985; 



Begelman et al 
Roos., .1985a.b : 



magne t ic radiation (see e.g. iMilosavlievic & Phinnevi 12005 



Halpern & Filippenko, 1988). The idea that AGN activity is 
triggered by mergers is even older. In this scenario most of 
QSO host galaxies suffered mergers with acco mpanying star- 



Kroliki l2010t ICentrella etsli l2010HStone &Loebll201lh . The bursts that likely also triggered the QSO activity dBennert et al 



timescale, during which detectable electromagnetic radiation, 
rises to its maximum is governed by viscous diffusion of gas 
close to the remnant and ranges from several years to hundreds 
of decades in the case of SMBs. 

On the other hand, the expulsion can take place under spe 



2008), but the details of the physical mechanisms triggering 
AGN activity several hundred Myr after the merger remains a 
topic of active research. Moreover, there are a number of binary 
quasars at kpc-scale distance which h ave almost certainly ar isen 



cial c onditions when two SMBs merge (see e.g. lVolonteri et al 
20101) . The newly formed SMBH created after the merg 



from mergers or interactions (see e.g. Foreman et al. , 2009h 



ing process can then shoot out of the cen ter of the system 
at high speed (so called r ecoiling BH, see ICampanelli et al 



20071: iGuedes et all 1201 Ih . Over the last few years various 



The problem is that we do not observe pc and sub-pc scale 
SMBs. One can expect that SMB components have separa- 
tions in the ra nge lO'^-lO'^ m (e.g. , 10^^-10"' arcsec at 10 



predictions have been ma de about the speed at which the hole 



would be slung away (see lGonzalez et al.L 120071 : iGuedes et al 



201 Ih . The spe ed has been esti mated to be from an order 



of 100s km s" 



(ICampanelli et al 



(iDotti et al. 
" 20071: 



2010.) to several 1000s km s^ 



Lousto & Zlochoweri 1201 ll) . In prin 



ciple, the speed of the SMBH mainly depends on the spin of 
the coalescencing black holes before merging. The case where 
the initial SMBH spins lie in the orbital plane is a configuration 
that leads to the so-called sup erkick and velocities ca n be signif- 
icantly higher. For example. ISperhake et al ] (l20T Ij) found sev- 
eral configurations where the kick-off velocity exceeds ~ 15000 
km s Such SMBHs would be recoiling in gas-rich galaxy 
merger remnants, and it has been claimed that one might expect 
some gas to accrete and produce electromagnetic emission. 

Putative SMB systems (or kicked-off SMBHs) have been 
used in explanation of a variety of observations, such as: a) stel- 
lar dynamica l models of formation of cores in elliptical galax- 
ies (see e.g. 'Valtaoia et al.', 'l989; M ilosavlievic et al 



Mpc, see e.g. iBegelman et al. . Il980l) . It is hard to resolve a 
SMB with current optical telescope resolution. Direct imag- 
ing of binary AGNs on parsec scales can only be carried out 
in the local universe, and only in the radio band when both 
BHs are radio sources. Using radio interferometers (as e.g., 
the very long baseline array - VLBA) one can resolve close 
binaries down to milU-arcsecond resolution. This method has 
been used to identify 0402-1-379 as an SMB candidate. It is a 
source with two compact radio cores seen at a projected sepa- 
ration of ~7 pc, representing th e closest system imaged to date 
(Rodrigu ez et al.L |2006, 2009). In the not too distant future. 



the Gaia mission should be able to resolve SMBs in the local 



universe (IPerrvman et al.L 1200 It iPopovic et al.L 12011 ah . but the 



problem of resolving SMBs on higher redshifts will remain. 

Since SMBs cannot be resolved in the optical, to de- 
tect a SMB, one should find some effect showing that an 
SMB system's affect of its nearby environment. Exam- 
ples inclu ded things such as the BLR, or accretion disk 



2002 



(see, e.g. iBogdanovic et all l2008i l2009allbl) . and/or 



some 



manifestations of the moti on in a two-body system , such 



iMerritt, 20Q_6; Khj3chfar_&Sil k^ 2009}; b) the morphologies of as jet precession (Begelman et al.L 1980l: Roos et al 



some radio sources (s e e e.g. iRoos et al.L 119931: iRomero et al. 



'K arouzos et al.1 12010 ): c) stellar/bulge structu r e and double-peak ed Balmer hnes ('Gasken, 'I996a"b!)^ high- shifted 



as let precession (Begelman et al.L 11 
Gaskeli Il996bl: iRomero et al.l I2OO0I:" 



Karouzos et al 



1993 
201flh 



BH-bulge relations in galaxies (see e.g. Sesana et al.L 12008 



Kormendv & Bended 120091: ISiiacki et all 1201 U iBlecha et al. 



broad lines (Boroson & Lauer. 2009; Eracleous et al.L 1201 1 



Tsalmantza et al.L 1201 Ih o r quasi-periodic radio , optical. X-ray 



20111) . 

If an SMB is located in a nearly homogeneous ga s cloud, dif- 



or y-ray variat ion (see e. g. Sillanp aa et al.L 1 19881 : 1 Valtaoia et al 



ferent observati o nal effe ct can be expected (see, e.g. lBode et al. 
2010t IFu et all laOllbV The surroundin g gas can accrete 



onto each of the S MB components (see e.g. IDotti et al.L 120071 : troscopy (see e.g. .Komossa et al.(, , 2003: B i anchi et 



2000; Rieger & Mannheim . 2000). 

A number of galactic-scale binary AGNs has been dis- 
covered based on sp atially reso lved imaging or/and spec- 



Farris et al.L 1201 In . In this case a binary Active Galactic Nu- 



cleus (AGN) system is present. Such system could potentially 
emit a broad-band electromagnetic spectrum from gamma to 
the radio band like a single SMBH. Each of the SMBHs could 
have a normal AGN structure that includes a narrow-line re- 
gion (NLR), a dusty torus, an accretion flow emitting from the 
soft X-ray region to the IR, and a broad Une region (BLR). Po- 
tentiall y emission f rom these regions could be used to detect a 
SMBs jBode et al.1 ,2010: Schnittman, 2011). As binaries en- 
ter their gravitational-wave dominated inspiral, they inevitably 
may induce large periodic shifts in the broad emission lines of 



Comerford et"airi2009t lGreen et al.L l20ld IKoss et 



!all 



2008 



2011 



Liu et al.L I2OI 1 ). The first discovered SMB system was, an 



ultra-luminous infrared galaxy, NGC 6240. The object was ob- 
served with the Chandra X-ray telescope that resolved a pair 



of X-ray emitting AGNs (IKomossa et al.Ll2003h . Two nuclei in 



NGC 6240 were revealed by the detection of absorbed, hard, 
luminous X-ray emission as well as two strong low-ionization 
Fe Ka lines. The SMBHs in NGC 6240 have a projected sep- 
aration of 1 kpc at a distance of 103 Mpc. Chandra detected 
a double with nucleus a 3.8 kpc separation (assuming a dis- 
tance of 220 Mpc) in the luminous infrared galaxy Mrk 463 
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Figure 1: The schemes of the possible SMB system: first panel presents the 
SMB where only one accretion disk is present around two SMBHs that illu- 
minates Emitting region (ER); second, each of SMBHs has an accretion disk 
and (semi-detached) emtting region(s) - ER; and third is the scheme with two 
clearly separated ERs, i.e. the Roche lobes (ROs) are separated. 



(iBianchi et all l2008h . lOreen et alJ (l2010l) found that SDSS 
J 1254-1-0846 is a face-on, pre-coalescence merger consisting of 
two luminous radio-quiet quasars at z = 0.44, with a radial ve- 
locity difference of 215 km s separated by 21 k pc in a dis- 



turbed host galaxy merger with obvious tidal tails. iKoss et al 
ill 



2011 ) discovered a binary AGN in Mrk 739 with a 3.4 kpc 
separation at a distance of 130 Mpc, the binary AGN is par- 
ticularly interesting because it shows no evid ence of being an 
AGN in the optical, UV, or radio. Recently, iLiu et all (l201lb 
discovered a kpc-scale, triple AGN, SDSSJ1027-H1749, at z = 
0.066. The system contains three emission-line nuclei, two of 
which are offset by 2.4 and 3.0 kpc in projected separation from 
the central nucleus. All three objects are classified as obscured 
AGNs based on optical diagnostic emission line ratios, with 
black hole mass Mbh ~ 10** Mq estimated from stellar veloc- 
ity dispersions. 

Spectroscopic studies may provide an alternative method for 
revealing binary AGN, at even closer separations, through the 
search of velocity shifts in the multiple line systems result- 
ing from the Keplerian motion of the two SMBHs. How- 
ever, it is interesting that of those AGNs, which have been de- 
tected a s SMB candidates by spectrosco pic methods (see e.g. 
GaskellL [l98l iBoroson & Laueii l2009h . all are controversial 
because of other explanations for the same phenomenon or be- 
cause of some inconsistency with other observational evidence 



dEracleous et al.L 119971; iGaskelll 1201 Oal) . These binaries are at 



projected separations of the order less than a kpc, below which 
it is difficult to spatially resolve both SMBHs at cosmological 
distances. Nevertheless, the emission lines of AGNs, at least, 
c ould indicate the possibility of SMB existence. 

iGaskeU ( 1983 ) suggested that some complex broad line 
profiles may be caused by SMBs in AGNs, i.e., that a 
quasar has two orbiting SMBs, each with an associated 
BLR. Nowadays, thanks to the databases containing a very 
large number of optical AGN spectra there has been a num- 
ber of studies where both narrow and broad AGN emission 
lines hav e been used to i dentif y possible SMBs detectio ns 



Boroson & Lauer, 


'2009*; 'Xu & Komossa', '2009'; 'Wana et al. 


2009; Smith et al. 


, 2010; Liu et al. 


, 2010a b; Chornock et al. 


20101 Gaskell, 


2010a 


Koss et al. , 


201 1 ; lEracleous et al. 


2011 



etc.). 

X-ray continuum emission and the broad Fe Ka line come 
from the innermost part of AGNs and some of the AGNs 
have been detected as binary systems using X-ray em ission (as 



„, .„f, , 

Iwasawa et al. , 2005t Bianchi et al. , 


200a Wane & Gaol 


2009 


20101). 



In this paper we review and discuss the possibility of using 
emission lines to detect SMBs (or recoiling SMBH). We give 
more detailed discussion only of the possibility of a binary BLR 
detection using the broad optical lines, but we also give some 
brief discussion of the possibility of using iron Ka lines and 
narrow lines as indicators of SMBs. In addition we consider 
the rare event of gravitational lensing of a binary AGN. 

Paper is organized as following: In §2 we discuss impact of 
the kinematics of a SMB system on the appearance of the broad- 



3 



line spectrum considering different characteristics of SMBs and 
different emission line regions. In §3, §4 and §5 we consider 
the BLR, NLR, and Fe Ka lines as indicators for detection of 
SMBs. In §6 we discuss some unusual systems and in §7 we 
outline our conclusions. 

2. Impact of the SMB kinematical parameters on BLR line 
parameters 

In considering lines as tools for finding SMBs, we should 
start from line parameters which can be readily measured, i.e., 
the line intensity, width, shift and shape. The line intensity de- 
pends mainly on the spectral energy distribution of the incident 
radiation and the physical properties of the emitting plasma. 
One might therefore expect that special physical conditions in 
the plasma around a SMB mi ght cause specific line intensity 
ratios emitted from the system (IMontuori et al.Ll201 ih . 

On the other hand, widths, shifts and shapes of the BLR lines 
depend on the kinematics and geom etry of emitting regions 
dSulentic et al. ■ l2000l: l lOaskeUlboOgh . The geometry and kine- 
matics of the emitting region co uld well be different in an AGN 
binary system ( s ee e.g . 



Eracleous et al. . 201 1 



GaskellL[r983:,Boroson & Laueii 12009 : 



Tsalmantza et al. . l201 ll: iBarrows et al 



201 1). Therefore, we need to consider the geometry and kine- 
matics of the potentially complex emission region around the 
system as a whole and around each super-massive black hole. 
In this section we discuss some estimates of SMB kinematical 
parameters and their influence on line shifts, widths and shapes. 
First we consider the expected fine intensity difference between 
a single AGN and a close binary AGN. 

2.1. Line intensity as SMB presence indicator 

It is well known that line intensities depend on the plasma 
conditions (density, t e mpera ture and relevant processes, see 
Osterbrock & Ferland , 2005b . In the case of line-emitting re- 
gions of a single AGN the dominant energy source is the ab- 
sorption of high-energy radiation from the inner regions of the 
accretion flow. In the case of a binary AGN system, there are 
two sources of ionization and two emission regions contribut- 
ing to the composite spectrum. We can distinguish between 
two cases. First there could be a common-envelope AGN sys- 
tem where the BLRs are semi-detached and there is a common 
envelope (see the first and second panels in Fig. [TJ. In this case 
there is mostly one emitting region around two SMBHs (with 
the one or two accretion disks as a source of ionization of the 
emitting region). The second case is where the emitting regions 
are clearly separated around each BH (third panel in Fig. [1]). In 
these three specific cases, the illumination of gas in the BLR(s) 
would be different, consequently, one can expect that ratios of 
lines emitted from ER(s) around SMBs may be different than 
ratios of lines emitted from a single SMBH. 

So far only one study has considered the possibility that the 
line inten sity ratio may be used as an indicator of an SMB's 
presence. Montuori et al. ( 201 1 ) investigated the spectral prop- 
erties of the BLR in one SMBH that is a member of a sub-parsec 
SMB. They assumed that the binary, surrounded by a circumbi- 
nary torus, has cleared a gap, and that accretion occurs onto the 
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Figure 2: Sum of the off-centered observed Hy3 line profile (AGN 
J00063+2012). First panel shows simulation where shift between component 
is 500 km s"' and second with shift of 1200 s"'. 



secondary black hole fed by material closer to the inner edge 
of the torus. They considered C IV, Mg II and line ratios as 
a function of orbital period, mass ratio and separation. They 
found that the ratio pMgiilFciv depends on the orbital separa- 
tion (consequently of P) — i.e., if the separation of the SMB is 
smaller, they obtained smaller FMgii/Fciv ratios. On the other 
hand, the FMgiilFnp ratio may be significantly reduced only 
at the shortest separa tions. Using a relatively simple model, 
Montuori et al ] (l201lh were able to conclude that AGN spectra 
characterized by FMgiilFciv < 0.1 could point out a signature 
of sub-parsec SMBs with the orbital periods between 0.1-10 
yr. 



2.2. Expected kinematics in an SMB system: Influence on the 
line shift, width and shape 

The geometry of gas in close binary star systems has long 
been studied and it is instructive to first consider the SMB ver- 
sion of such a system. Let us start with the simple approxima- 
tion of taking an emitting cloud (EC) to be close to two mas- 
sive objects and be gravitationally bounde d, similar as in th e 
case of the close massive binaries (see e.g. Paczvnski , 197ll) Fl 
We will assume a circular orbit of the BHs. The geometry of 
the emitting gas should follow the shape of the equipotential 
surfaces (according to the Roche model, see iPaczvnskil Il971 



This is the Roche lobe around a massive binary system when the gas is 
falling in through the inner Lagrangian point. It is approximately the region 
bounded by a critical gravitational equipotential. 
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Popovic et al. and references therein) that can be written 

as: 



R R q I + q x 

0) = — + i + 

ri r2 2 R I + q 



R 2(1 +q) 



(1) 



where ;«i and m2 are the masses of the objects, O is the potential 
at an arbitrary EC, R is distance between the black holes, ri 2 
the distances of the EC from the centers of gravity of the two 
massive objects, and x and y are the EC Cartesian coordinate^ 
q - ^ < lis the mass ratic0 

As one can see from the Eq. (1), the most important pa- 
rameter affecting the motion of the emitting clouds, and conse- 
quently geometry of the line emitting region in the SMB system 
is the mass ratio. There are two main parameters: the radial ve- 
locity of each component (V,) and the orbital period (P) of the 
system. P governs line profile changes due to different veloci- 
ties and position of the SMBHs, a nd it can be estknate by us- 
ing th e following relation (see e.g. iPaczvnskii Il971t IYu & Lu , 
200 ih 



Porb = 210 



O.lpc/ 



3/2 



2 X 1O**M0 
mi + m2 



1/2 



yr 



(2) 



Their radial velocities (in km s ' ) relati ve to the center of mass 
in the line of sight can be estimated as dYu & Lu , 2001 ): 



|v,| = 1.5x10^ 



O.lpc 
R 



1/2 



mi + m2 
2 X lO^Mp 



1/2 



2mim2 



mi{m\ + OT2) 



sin ffoi-b 
(3) 

where ; denotes component with mass mi or m2 (/ - 1,2), re- 
spectively. Oorh is the orbital inclination to the line of sight. 

The equations above can help us to roughly estimate and dis- 
cuss kinematical parameters of a SMB system that may affect 
spectral lines emitted from the system. From Eq. (1) one can 
roughly estimate how much the SMB system affects the geome- 
try (motion of ECs), and from Eq. (2) it is possible estimate the 
periodical (or quasi-periodicity) variations in the spectra and 
spectral lines. Eq. 3 shows how much the radial velocity can 
affect the composite line shapes, or how much a line can be 
shifted in the case of a single emitting region. 

Considering Eqs. (1) one can conclude that there may be two 
cases: a) the cas e where q « 1 and b) ^ ~ 1 (or let us say 
q > 0.01, see also lMontuori et al.ii20lll) . 

In the first case, it is not hard to see (from Eq. 1) that the 
motion of ECs will be affected only if the distances between 
the two BHs are small and only if the ECs are close to the both 
of the objects. SMBs with very low mass ratios (e.g., q < 0.01) 
cannot form in mergers of galaxies, since the dynamical friction 
time-scale is too long for the smaller S MBH to sink into the 
galactic center within a Hubble time dYd.l2002h . Line shifts (see 
Eq. 3) can be seen only with the m2 object, but there is major 



-The origin of the rectangulai' system of Cartesian coordinates is at the cen- 
ter of gravity of mass Mi , and the A'-axis is the line joining the centers of the 
two massive object, and the y-axis in the orbital plane 

^We will assume that mi is more massive BH (i.e., the "primary"). 



problem with whether such small mass object can still have an 
emitting line region. In general the more massive BH picks up 
almost all gas infalling into the center. On the other hand, the 
emission that is coming from the smaller BH is unlikely to be 
intense enough to be comparable with emission of the regions 
around mi. It will therefore only make a very small (negligible) 
contribution to the emission of the more massive BH. We do not 
expect that SMBs with q < 0.01 will have a noticeable affect on 
line profiles. 

In the second case, where the mass ratio is closer to unity, 
the geometry (or motion ECs) might be affected by the com- 
plex gravitational potential, and there can be various situations 
which depend on the angle of view of an observer and the dis- 
tances between super-massive black holes. 

In the case q ~ 1 the distance between the BHs plays a sig- 
nificant role. There can be following situations: (i) the black 
holes are far away (on kpc scale for the NLR and pc, or even 
sub-pc scale for the BLR) so that each of them has an undis- 
turbed AGN structure (i.e., each of SMBHs has the accretion 
disk and BLR/NLR), (ii) there are so called "semi-detached" 
systems (see Fig. [TJ □ In this scenario the emission-line gas 
circulates from one BH to another, but the inner accretion disks 
(emitting in the soft X-ray region) are still un-disturbed. (iii) the 
distances are so small that th ere are binary SMBHs surrounded 



by a common enve lope (Begelman et al. , 1980l : Yu & Lu , 2001 



Farris et al.L 1201 lb . In the case (iii) we might expect a high 



spectral (quasi-periodical) variability, especially the X-ray band 
(see in more details McHardv. 2010. and reference therein). 

It seems that two cases are perspective to be detected by AGN 
emission lines, the case i) and ii), but also it depends on the so 
called phase (the position of the two emitting regions with re- 
gard to the observer sight of view) of a binary system and in- 
clination of the orbit. The influence of the phase on the line 
pr ofile for case i ) has b een considered in a toy model given 
bv iPopovic et al. I d2000l) and depending of the mass ratio and 
the phase of a binary system the broad profiles can be differ- 
ent, from two-peaked (if there is no eclipsing between the ob- 
jects) to the asymmetrical line profiles. This also depends on 
the velocity of the SMBHs and their p eriods (see in more de- 
tails Popovic et al., 2000; Shen & Loeb. 2010). Note here that 
small eccentricity of the orbits could not significantly change 
the estimated parameters. 

2.2.7. Distances between BHs and stability of the line emitting 
regions 

Due to the gravitational interactions, an emission region may 
be destroyed or deformed, as, e.g., if the distance between 
SMBHs is of the order of magnitude or closer than dimensions 
of the emission region. In this case, the emission in lines can 
be complex, but here we will not consider this case. Here we 
will discuss only if line emitting regions are present in both or 
only in one SMBH (associated with one SMBH of SMBs or 
with recoiling SMBH). Let us first estimate the minimal dis- 
tances between SMBHs for which the emission regions could 



"^This is expected to be on a kpc scale for the NLR gas and around a pc ■ 
scale for the BLR 
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Table 1: Estimated P and V™" for binary black holes with the same masses of 10** Mq, for characteristic distances. 



Distances 


Corresponding line 


FWHMinkms-' 


P in yr 


y™" in km s-' 

rad 


10-' - 10-2 pc 
10-2 - 1 pc 
102 - 10"* pc 


Fe Ka 
Broad UV/optical lines 
Narrow lines 


~ 10"* - 10' 
~ 10^ - 10"* 
~ 102- 10^ 


~ 2 ■ 10-"* - 7 • 10"' 
~ 7 • 10-"* -7-102 
~ •10''- 10'^ 


1.5 -lO"* -5 -10' 
-5-10^-5 -102 
-50-0.5 



still exist. Considering that gravitational interaction decreases 
with distances as ~ r-2, there is necessarily that distances be- 
tween SMBHs are significantly larger than sizes of the emitting 
regions. Consequently, the distances between the SMBHs in the 
system should be at least two order of magnitude larger than the 
size of the emission region. 

To give some estimates of the characteristic distances, we 
took into account the estimated sizes of the line emitting regions 
in AGNs: the Fe Ko- line is coming from the innermost region 
(several to several 100s gravitati onal radii), and di mensions are 
of the order of 10-^ - 10-"* pc dNandra et al.ll2007l) . The broad 
fine region is more extensive, at least an orde r of magnitude and 



we assumed d i mensi ons of 10 - 10 2 pc (IKaspi et al. [ I2OOOI: 



Peterson et al.L 12004ft an d at the end, the NLR can be signifi 



cantly extensive (see e.g. lBennert et al. [ |2006allblH) from several 
pc (we took 10 pc) to several kpc (we took Ikpc). Taking dif- 
ferent scales, one can expect that different emission region will 
be aff'ected in SMBs and consequently different effects will be 
present in the line profiles. 

Beside mentioned emitting regions, according to the standard 
unification model of AGN, it is expected that the material feed- 
ing the A GN (in the case of a single SMBH) is in the form of a 
torus (see lAntonuccii 1 1993 ). Expected dime nsions of the torus 
are several pc (see e.g. IStalevski et al.L 1201 1 ). therefore, in the 
sub-pc scale SMBs one cannot expect a classical torus. How- 
ever, the surrounding gas formed in the interaction of SMBHs 
can play a role (similar as a torus) in feeding the AGN, i.e. pro- 
vide material^raccreteont^ of the SMB components (see 
e.g. botti et ail 120071 Iparris et all l20 1 ih . 

In Table [T| we give three characteristic interval of distances 
between SMBHs with respect to the dimension of the Fe Kcc, 
Broad and Narrow line emitting regions. Also in the Table[T]we 
give estimates for the maximal radial velocities of components 
and their orbiting periods for characteristic distances. The es- 
timates are given for the SMB system with the same mass of 

10** Mq. 

It is interesting to compare the typical FWHM of lines from 
three emitting regions with the corresponding maximal radial 
velocity. As it can be seen, the maximal radial velocities (or- 
bits are edge-on) are in principle smaller than FWHM. It seems 
that is very unlikely to see clearly split lines, rather one can ex- 
pect asymmetry or peaks in the line profile. As an illustration 
in Fig. |2]we simulate the composite broad Hy6 line (one AGN 
J00063H-2012), taking that the same spectra are coming from a 
binary BLR with velocities of 250 km s-' each (or estimated 
distance between them around 3.6 pc if orbit is edge-on ori- 
ented) and 600 km s ' (distance between components is around 
0.625 pc for the edge-on oriented orbit); as it can be seen from 



the Figure, in the first case we cannot see any influence of SMBs 
on line shapes, and in the second case, only two peaks can be 
registered in the line profile. 

On the other hand, due to periodical orbiting of the binary, 
the periodical (or rather quasi-periodical) spectral oscillations 
may be present in the Fe Ka line (from several hours to several 
days) and also in the broad lines (order from several days to 
several hundred of years). Moreover, the gas can periodically 
transfer from the circumbinary disk to the black holes when the 
binary is on an eccentric orbit and prod uce periodical osciUa- 



tions in the electromagnetic spectra (see iHavasaki et al.L 12008 



Cuadra et all 120091: iGilfanovl I2OIOI) . Consequently, variability 



in the line profile due to different position and radial velocity of 
the SMB components, and periodical transfer of gas is expected 
to be observed. 



3. Broad emission lines and SMBs 

Considering a SMB system, one should take into account 
possibility that one (or both of the two SMBHs) in the system 
has a gaseous BLR that emits the broad, permitted lines, typical 
for quasar spectra. The orbital motion of the SMB causes the 
lines to shift periodically making the spectrum analogous to that 
of a sin gl e- or double-line d spect ros copic binary sta r (Kombergj 
Begelman et all Il980h . ICaskelll d 19831 ^9851) sug- 



or a singl 
1968afl 



gested that close supermassive binary black holes could be de- 
tected through their effect on the broad line profiles. In the first 
instance, displaced broad line peaks could be a consequence of 
the orbital motions of close binary black holes (see Figs. |3]and 

One o f the first cand idate for the SMB system was 3C390.3 
dGaskelll Il983[ Il985b . Moreover, an observed systematic 
drift of the blue-shifted, broad HyS peak in the spectrum of 
3C 390.3 betweer i 1968 and 198 8 was consistent with the 
SMB hypothesis d Caskell , 1996bl) . But reverberation map- 
ping of 3C 390.3, however, showed that on a light-crossing 
timescale the red and blue peak s varied near simultane 



ously (see e.g. Dietrich et al.L Il998t IShapovalova et al.L 12001 



2010a) and the oth er effects seen in the line profiles indi- 
cated dis c origin (see Eracleous et al.L 1997t Shapovalova et al 



'200 1; 'Eracleous & Halpernl l2003l IShapovalova et all l2010a : 
Popovic etaL, 2()llb). This strongly rules out binary black 
holes as the cause of the displaced peaks in this object. It is 
likely that disk emission is present in the double peaked (and 
strongly asymmetric) emitters (see Strateva et al., 2003). Nev- 
ertheless, the binary black hole hypothesis remains a reasonable 
explanation for broad, single-peaked (and also double-peaked) 
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B aimer lines that are s hifted from their nomin al wavelengths 



dEracleous et aliuOl luTsalmantza et aliuOl Ih . 



In the case of the SMBs, peculiar broad spectral lines 
with large velocity shifts of the order of ~ 10^ kms"' 
are expected (see Table 1). Recently, AGNs with such 
large velocity shifts are selected among thousands of 
quasar spectra, and several spectroscopic SMB candidates 
have been found in archive of Sloun Digi tal Sky Survey 
(SPS S), as e.g.: J092 7 1 2.65 +2 94 344.0 dKomossa et al 



20Q8t 



Dotti et al 
20091: 



Bogdanoyic et al 
2009bh 



2009al: IShields et all l2009a: 



J1536 36 .22+0 44127.0 (Boroson & Lauei , 
Tang & Grindlav. 2009), J105041.35+345631.3 



see 



(IShields et all ,2009b). J100021. 80+223 318.6, (4C+22.25 



Decarh et al. 



, ^OlOah. El 82 1+ 643 ( Ro binson et all l2010h . 

J093201.60+031858.7 (Bar rows et all l20Tll). 12 candidates 
have been prese n ted in .Eracleous et alj ( 201 lb and nine in 
Tsalmantza et alj (1201 lb . All these sources show shifted line 
systems, but their spectra differ significantly one from another 
and the interpretation of their physical na t ure is not unique 
fsee i Gaskel ' 
201lF 



srpretatio 
i boiOat 



Eracleous et al. . 2011: Tsalmantza et al 



To illustrate expected line profiles, we modeled the binary 
B LRs around two SMB s in the same way as it was described 
Close to each black hole the structure 



m 



Popovic et al 



2000). 

of the BLR can be similar to the structure inferred for BLRs 
around single SMBHs. We simulate the Hy6 line profile for a 
system with following parameters: mass ratio of q - 0.5, dis- 
tances between BHs R = 0.3 pc, orbiting period of P = 600 
years. First we illustrate in Fig. [3] (panel up) the case where 
both SMBHs have the BLR (as the Roche lobe around each of 
themi, where the orbit is edge-on to the observer. Also, we ar- 
bitrarily added a narrow component (narrow central Gaussian). 
As it can be seen in Fig. [3] in the case of binary BLR, the line 
profile is composite from emission of both regions, and line 
profiles (s ee Fig. [Hi can be quite different depend ing on the 
phase (see lPopovic et al. ■ l2000l:IShen & Loebll2010h . The line 
profile may change from a very asymmetric (double peaked and 
highly shifted) profile to the symmetric profile. It is character- 
istic that line profiles change the shape, and variability in the 
line profile can be expected. 

As it is shown in Figs. [3]and|4]in some cases the line profile 
can show two peaks in the case of a binary BLR system, but 
taking into account the estimated maximal radial velocities (see 
Table [TJ for characteristic distances between SMBs, one can 
expect an asymmetric and off-centered line shapes rather than 
two-peaked ones. 

3.1. Two or one broad line emitting region in SMBs? 

In a SMB system, there is a possibility that both SMBHs 
have emitting regions, or that only one SMBH has an emitting 
region. 



' Note here that in a SMB the size.s of the BLRs are Hmited to be smaller 
than the Roche lobes, but it is not important for these simulations, since here 
we will only simulate the line profiles from a SMB system with two BLR and 
this approximation will not affect the final result 



t ) / 











Figure 3: The Hy3 line profile emitted from the SMB system for the cases: 1) 
both of black holes have the BLR (up) and only one component has the BLR 
(down). The scheme of SMB system is present on th e plot. Simulation o f the 
binary broad line region is performed as described in lPopovic et all )200Cl) . 



3.1.1. Binary BLR 

In the evolution 
blac k hole with a coplanar gas disk (see ^Escala et all 12004 



scenario of an un equal mass binary 



Dotti et al.L l2007h that contains a gap due to the presence of 



the se condary black hole (early work of lArtvmowicz & Lubow , 
1994 for stellar binary-disk interaction) is expected. It means 
that the secondary has chance to have a BLR, since viscous evo- 
lution of the outer circumbinary disk initially hardens the sec- 
ondary. On the other hand, the inner disk drains on to the pri- 
mary (central) black hole. Therefore, the gaseous mass profile 
bound to each black h ole that can lead t o the formation of two 
small accretion disks ("Potti et aL , 2007 ^. Discs will illuminate 
the gas around and, consequently, two BLR may be formed and 
line profiles emitted from the SMB system may be composed 
from the two rotating BLRs. Additionally, a high eccentricity 
in a SMB orbit will led that emerges from migration phase will 
contribute to the possibilit y off triggering of p eriodical inflows 
of gas onto both SMBHs ("Rodig^ et all |201 Ih . that can cause 
variability (periodical or quasiperiodical) in the line profiles. 

The emission of binary BLR may result in so called double- 
peaked broad emission lines in AGNs, therefore such line pro- 
files may indicate the existence of a SMB where tw o BLRs con- 
tribute together to the line profile ( GaskellL 1983 ). but as it can 
be seen in Fig. |4l a simple binary BLR model shows that ex- 
pected broad line profiles can be very different (also double- 
peaked). However, a clear double-peaked feature only arises in 
a particular stage of the binary evolution when the two BHs are 



7 



close enough such that the Hne-of-sight orbital velocity differ- 
ence is larger than the FWHM of the individual broad compo- 
nents (see Table [T]i. Before of this stage, the velocity splitting 
due to the orbit motion of the binary BLR seems to be very 
small to be separated and the line profiles are probably asym- 
metric. In the case that SMB components are closer than dimen- 
sions of the BLRs (see Fig. [T] panels up) the line profile proba- 
bly becomes more complex and one cannot expect the splitting 
of the peaks, since it does not correspond to the orbital motion 
of the binary. In this case, there are no coherent radial velocity 
drifts in the peaks with time. Taking all this into account, in the 
case of a binary BLR one can expect asymmetric line profiles 
as a more probable and common signature of binary SMBs than 
double-peaked profiles. 

3.1.2. Single BLR 

Emission from only one BLR can be observed in two cases: 
a) There are two SMBHs, but only one has emitting regions, 
and b) a recoiling SMBH that has emitting regions. 

a ) SMBs may evolve within a large-scale gas eous disk (see 
e.g. iDotti et all l2007l l2009at IColpi etal.1 l2009h . and their or- 
bits will be circularized by the time they reach sub-parsec or- 
bital separations. At smaller separations, gravitational radia- 
tion becomes the dominant angular momentum loss process, 
and any gas trapped inside the orbit of the secondary. SMBs 
open a hole at the center of the circumbinary disk and the 
secondary BH orbits closer to the gas reservoir and has eas- 
ier access to it, i.e., the accretion rate onto the secondary 
SMBH should be considerably higher than th at onto the pri 



are emitted from an, so c alled, ordinary BLR that is associated 



to the recoiling SMBH (iGonzalez et al.L 120071; IZanotti et al 



mary (see e.g . Armitage & Natarajan, 2002; Havasaki et al 
20071: ICuadra et al., .2009; Lodato et aL 2009). Therefore, it 



is the best chance that secondary has a BLR. It is in favor of the 
observation of shift effects on broad emission lines, since (see 
Eg. (3)), the higher radial velocities can be expected in the case 
of secondary. In a system where the BLR is associated with 
the secondary, one can expect shifted observed emission, as is 
present in Fig. [3](panel down). 

It seems that the accreting secondary scenario may be more 
likely on theoretical grounds. However, some simulations show 
that the vast majority of the gas goes to the big SMBH and 
therefore one may expect that pri mary produces the vast major- 
ity of the emitted energy in lines dGaskelllEoTll) . 

b) For recoiling BHs the underlying hypothesis here is that 
the SMBH is fueling by the gas from the (for mer) gaseous 



(circumbinary) disk which falls in the SMBH (IZanotti et al. 



liolO). The interaction of kicked SMBHs with the surrounding 



medium may be, in genera l, very complex (see lGonzalez et al 



2007t IZanotti etakl boioh . Accretion rates of the recoiling 



SMBHs are favorably high for the detection of off-centred AGN 
if kicked into gas-rich disks - up to a few per cent of the Ed- 
dington accretion rate ("Siiac ki et al. , 201 1 ). Marginally bound 
gas rejoining the disk around the moving black hole releases a 
large amount of energy in shocks in a short time, leading to a 
flare in thermal soft X-rays with a luminosity approaching the 
Eddington limit. Reprocessing of the X-rays may contribute to 
strong op tical and ultraviolet emissi on lines with a distinctive 
spectrum dShields & Bonnina,l2008l) . Therefore the broad lines 



2010h and that the narrow lines are emitt ed from the galax y 



where the recoiling SMBH is originated CBonning et al.Ll2007h . 
The narrow lines are illuminated from the outside (by the re- 
coiling SMBH). The offset AGN lines may be observable ei- 
ther immediately after a high-velocity rec oil or during pericen - 
tric passages through a gas-rich remnants dBlecha et aUl201 lb . 
The shift of broad line (with respect to the narrow one) can 
be expected, and can be of an order of 1 000 k ms ' (so called 
kick velocities, see e.g. Gonzalez et al. . l2007h . or smaller as 
e.g., iLousto et al. (|2010) found that the magnitude of the re- 
coil velocity distribution decays exponentially with mean ve- 
locity around 630 km s ' and standard deviation of 534 km 
s"', that implies probability of 23% of recoils larger than 1000 
km s^^. But the vel ocities may be significantly higher (see 



Sperhake et al.L 1201 Ih . i.e there is a good chance to see line 
shift due to recoiling SMBHs. However, it should be taken 
into account that one the projected radial velocity from recoil- 
ing SMBH could be smaller, therefore expected Une shift is 
probably around several 100s km s ' . Estimated AGN lifetimes 



phase of a recoiling SMBH is up to 10 Myr dBlecha etalll2011 



Siiackietal.Ll2011l) . 



Taking into account discussion above, it seems that observa- 
tional line profiles emitted from a SMB system probably are 
asymmetric and shifted regard to narrow lines. The dominant 
emission of single broad emission lines from SMBs (or recoil- 
ing SMBHs) seems to be more common than emission of both 
components. Therefore, shifted broad lines (regarding to the 
narrow ones) may be an indicator of SMBs presence. 

3.2. Double-peaked and high-shifted broad lines: Complex ge- 
ometry of the BLR vs SMBs 
The observed AGN broad line profiles are ranging from the 
class ic "logarithmic" profi le to double-peaked, disk-like pro- 
files dSulentic et al. ■ l2000l) . and the problem with using broad 
emission lines to detect the SMBs is that complex line pro- 
files can be caused by a complex BLR geometry. The emit- 
ting gas is relatively close to the SMBH where several pro- 
cesses can affect the line profile. In principle, so called un- 
usuaUy bro ad line profiles, recently reported in a numbe r of 
papers (see'E racleous et aT , 201 1 : Tsalmantza et al. , 201 1 ) are 
connected with a large shift of broad component (~ 1000 km 
s"') regard to the narrow ones or there are strange peaks in the 
line profiles. Both of these may indicate presence of a SMB 
system, but also can be explained by complex geometry of the 
BLR. Here we discuss the so called 'unusual' double-peaked 
and single(double)-peaked shifted broad emission line profiles 
in the light of the SMB hypothesis and complex structure of the 
BLR (and visually close broad line sources). 

3.2. L Double-peaked emitters 

Different g eometries can be ass umed in order to describe 
the BLR (see Sulentic et al. . 200tf ). As it can be seen in Fig. 
|4] binary BLR can result in different line profiles, but sim- 
ilar line profiles can simulated in the case of a BLR com- 
plex geometry. There is also possibility that in single AGN, 
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Figure 4: The same as in Fig.[3]first panel, but for different phases of BLRs. 



the broad emission lines are composed fr om two (or more) 



broad emitting regions (see e.g.lPopovic et a l.. 2004; Bonetal 



l2009a b: Popo vic et all l201 Ibh . that will result in asymmetric 
and shifted broad line profiles. The double peaked line profiles 
seem t o be emitted from an accretion disk (see Chen & Halpern, 
,1989; Ch en et all 1 19891: lEracleous et all [T997I: IStrateva et all 
2003; .Popovic et al 112011^" etc.), and al so, different effects (as 
e.g., winds, see lMurrv' & Chiang. [1995 ) can contribute to the 
line asymmetry and disk-like profiles. Also, a d ouble- stream 



model can be applied for line profiles (see, e.g. IZheng et al. 
1990lfl or combination of the disk emission with double 



stream s (as e.g., in the case of Ark 120, see IPopovic et al. 



200 Ih . Also, the off-axis model can explain line profiles 



from double-peaked (highly asymmetric) to the symmetric 



dGaskell et al.L 120071; iGaskelll 1201 Ob). Here is a problem that 



phy sics and geomet ry of the BLR is not purely understand (see 
e.g. IPopovid I2OO6I) . and consequently, there is a difficulty to 
separate the influence of SMBs from the complex BLR geom- 
etry. Nevertheless, there are several AGNs that show unusual 
double-(multi)peaked profiles which have some specific fea- 
tures in the profiles that should be explained. It is interesting 
to discuss any chance that such, unusual, profiles are emitted 
from SMBs. Let us discuss several well know 'SMB candi- 
dates' which were pointed out because of their unusual double- 
peaked profiles. 

There were many discussions about quasar SDSS 
J153636. 22-1-044127.0 that has peculiar broad emission- 
line profiles w ith multiple components and also observed 



in the X-ray ( Arzoumanian et al. , 2009h. The ob ject 
widely discused 



IS 



m 



se veral pap ers (Wrobel & Laor, 2009 

Tang & Gr indlav'.l 2009HBoroson & La uer. 2009 : DecarU et al 



2009t iLa uer & B orosonL 120091 fchornoc k et al 
Wrobel & Laoit 120101: Idreen et all Boid IGaskelll 



2009 



2010a; 



Note hera that a simple/pure double-stream model has a problem: its only 
reproduces the line profile but it disagrees with the reverberation mapping re- 
sults for double-peaked emitters. 



Chornock et aU I2OI0I: iTingav & WavthL l201lh . The ob 
ject shows double-peaked lines, where p eak separation is 



3500 km s , and was proposed by iBoroson & Lauer 



("2009^ as a can d idate for sub-parsec binary SMB system, but 
Cho rnock et al. ( 2010l) found in the optical spectra that the 
system is more likely an unusual member of the class of AGNs 
known as "double-peaked emitters" than a sub-parsec SMB 
or quasar pairs. The l ine pr ofiles were fitted by a disk model 
by iTang & Grindlav (I2OO9I) and they found that additional 
emission is present; there is a central blue and central peak 
in addition to t he disk emission (see Fig. |5]). Moreover, 
Wrobel & Laor (l2009h found from new VLA imaging at 



8.5 GHz, two faint sources and they found that the double 
may be energized here by the candidate 0.1 pc SMB system 
or the radio emission may arise from a binary system of 
quasars with a projected separation of 5.1 kpc, and the two 
quasars may pro duce the two observe d broad -line emission 
systems. Also, Bondi & Perez-TorresI (|2010') presented the 
pc-scale radio imaging (with European VLBI Network) of 
SDSS J1536+0441. at 5 GHz, with the resolution of -10 
mas (~50 pc). They detected two compact radio cores at the 
position of the kpc-scale components VLA-A and VLA-B, the 
compact active nuclei with radio luminosity Lr ~ lO'^^erg s"^ 
This observations ruling out the possibility that both radio 
sources are powered by a 0.1 pc binary black hole. As a 
conclusion in this case the line emission probably is coming 
from close projected AGNs (on the kpc scale) and not 0.1 pc 
scale SMB system. In any case, the unusual broad line profiles 
of the object stimulate investigations and show that there is a 
relatively close AGN system. 

However, in some cases the unusual line (double-,multi- 
peaked) line profiles cannot be exactly explain ed by the pure 
(circul ar) accretion disk emission. As e..g. iBarrows et al 



(I2OIII) observed very broad (and double-,multi-peaked) line 
profile in J093201.60+031858.7 (see Fig. IS, the strong blue 
peak is located at 4200 km s ' distance from the narrow line. 
Note here that SDSS J105041.35+345631.3 has a blueshifted 
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broad component that cannot be expla ined by the disk emission o.a - sdss J1536+0441 Ha 



dShields et all l2009bl) 



Additionally, iTsalmantza et alj (1201 Ih 
found a 'new class' of double-peaked emitters, that are with 
very broad and faint lines, and one peak is highly shifted 
(~ 5000kms-i). 

The common properties of so called unusual double-peaked 
emitters are that the lines are very broad, and that (at least) 
one peak is extremely shi fted (to the blue, expected i n a rela- 
tivistic accretion disk, see lEracleous & Halpern , 1994 ) or there 
are several peaks in clearly double peaked profiles. As was 
noted above, such profiles can be explained by the accretion 
disk emission, but there are some points which has to be taken 
into account: i) there is extremely shifted (blue) peak (around 
several thousands km s"' and ii) lines are very broad (around 
~ 10000 km s and in some cases around 40000 km s see 



— observed 

— best-fit disl< model 

— - disk model 2 

— biue component 

— central broad line 
narrow Ha 

--[Nil] 
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Wanp et al.L l2005h . Those properties should be explained by 



Figure 5: The unusual Ha emission line profile of SDSS J1536+0441 fitted by 
the disk model (solid green line) There ai'e additionally two peaks; left (blue 
line represented with the Gaussian) and the central peak (represented with red 
line Gaussian). Also th ere is a far blue wing that cannot be fitted with disk 

relatively simple model (see |Chen et al.|, [19891 jxang & GrindU l25^. 



disk emission, and question is: what is special in the disk ge- 
ometry that produce such lines? 

A ' ' ' ' 



Chen & Halperni [1989) may be used to find some special 
conditions in such a disk. First of all, the inclination of the 
disk shou l d be h igh (at least 40-50 degrees, see Fig. 3 in 
Bon et al. . l2009ah . b ut in this c ase, it is hard to expect high 
luminous disk (see iBon et al.l l2009al) . and double peaked 
lines should be faint. Also, very broad line profiles can be 
emitted from smaller inclinations (30-40 degrees) if the radius 



the blueshifted broad component of 2650 km s ' relative to the 
narrow emission lines. 



of the line emitting region of the disk is small jWang et al. 



20051) . Therefore, the 'new class' o f 'extremely doub l e peak ed 
emitters' (weak lines) discussed bv ITsalmantza et al.l OOl In is 
probably caused by emission of the high inclined or compact 
accretion disk. Additionally, there are more sophisticated disk 
models that are not axisymme tric, as e.g. a disk wit h a bright 
spot (the case of 3C390 .3, see Jovanovic et al.1 2010h or a disk 
with spiral arms (see, Storchi-Bergmann et al.[ 12003 . 2007 ). 
It seems that these models can easily fit the observed profiles 
similar as in J093201. 60+031858.7 without the need to invoke 



First iGaskelll (119831) discussed the displaced emission lines 
in light of SMB hypothesis a nd repor t ed abo ut two quasars (see 
Fig. 1 and 2 in the paper of lGaskelj 1983 ) that broad lines in 
0945-H076 and 1404-H285 were off^-centered (shifted) to -2100 
km s"^ and -1-2700 km s"\ respectively 

Severa l other cand idates are worthy to mention 4C -1-22. 25 
( Decarli et^ , l2010ah where the H/? and Ha lines show very 
broad line profiles (FWHM ~ 12,000 km s '), faint fluxes, and 
extreme offsets (8700+ 1300 km s"' ) with respect to the narrow 
emission lines, but the line p rofiles do not vary in a period of 
3.1 ver dPecarli et allboiOal) . In El 82 1+643 the broad Balmer 
lines are redshifted by ~ 1000 km s ' relative to the narrow lines 



a separate kinematic component ( Eracleousll201 ll) 

Finally, the broad double-peaked lines seem not to be an ap- 
propriate tool for SMBs detection, since for such emission very 
specific position of the SMBHs (orbit near edge-on, and both 
BLR should be clearly resolved) is needed and also a high or- 
bital velocities (which are in principle smaller than FWHM of 
broad lines, see Table [TJ. Therefore, the disk, or disk-like ge- 
ometry probably cause the doubl e-peaked profile, and 'un usual' 
weak double -peaked broad lines (ITsalmantza et al. , 201 1 ) prob- 
ably come from the high inclined disk. 

3.2.2. High off-center shifted broad emission lines 

The high off-center shifted broad emission lines may indi- 
cate two stage of a SMB: i) the case where in SMBs only one 
component has a BLR, and ii) emission of the BLR from a re- 
coiling SMBHs, i.e., stage after coalescence. There are several 
AGNs with a relatively large shift of the broad lin e compo- 
nent (see e.g. Eracleous et al., 2 oTll: ITsalmantza et al. . 201 IJ, 
between fliem SDSS J092712.65 +294344.0 fliat was th e first 
candidate for a recoiling SMBH iKomossa et al. (2008), with 



and th ey have highly red asymmetric profile (iRobinson et al.. 
2OIOI) . In polarized flux the broad Ha line exhibi ts a blueshift of 



similar magnitude and a strong blue asymmetry. IRobinson et al 



(2010) showed that these observations are consistent with a 
scattering model in which the broad-line region has two compo- 
nents, moving with different bulk velocities away from the ob- 
server and toward a scattering region at rest in the host galaxy, 
and they concluded that the SMBH itself is moving with a 
velocity ~2100 km s"' relative to the host galaxy that very 
well fit the recoiling SMBH hypothesis. In the case of SDSS 
J105041.35+345631.3 a large velocity blueshift (3500 km s"') 
and a symmetrical Hfi profile make this obje c t an in teresting 



candidate for black hole recoil dShields et al. . l2009bl) . Addi- 



tio nally, there is a group of s uch objects recent l y disc overed 



by lEracleous et al.l d201 ll) and ITsalmantza et alJ d201 ll) . The 



sh ifted broad line profile s of several SDSS AGNs discovered 
bv lEracleous et alJ d201 ll) are shown in Fig. [T] 

Let us here consider in more details the recoiling black 
hole candidate SDSS J0927+2943 (first noted candidate 
Komossa et al. , 2008), that has been observed and discussed 



in several papers. The quasar was suspected to be kicked off 
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Figure 6: Unusual H/3 line profile in J09320 1.60+03 185 8 7. The line was fitte d 
with disk profile plus best fit Gaussian components (see i lBarrows et alil2"oill) . 



dKomossa et al.L 120081) . and second idea was that it is hosting 
a massive black ho le binary embedded in a circumbinary disk. 
Dotti et al.l(l2009bl) found that the system is the SMB with mass 
ratio q ~ 0.3, where the mass of primary is ~ 2 • lO^MO. The 
semimajor axis was estimated as 0.34 pc, corresponding to an 
orbital period of 370 years. They found that the binary hypothe- 
sis is preferred being 100 times more probable than the ejection 
hypothesis. 

However, the velocity differen ce between two AGNs is ~ 
2500 km s-i that is, according to iDotti & Ruszkowskil (1201 Ol) . 
in favor of superposition of two AGNs at different redshifts. 
Namely, llDotti & Ruszkowskil (l2010l) re-examined the superpo- 
sition model and showed that AGN pairs with high velocity line 
separations up to ~2000 km s"' are very likely to be superpo- 
sitions of two AGNs, but no superimposed AGN pairs are pre- 
dicted for velocity offsets in excess of ~3000 km s"' . 

Moreover, the long-slit spectroscopic observations of 
SDSSJ092712H-294344 showed two systems (quasars), one, at 
z = 0.7128, being at an impact parameter of ~1 kpc with re- 
spect to the a nother quasar at z = 0.6972 in the north-west di- 
rection jvivek et al.[l2009h a nd it seems that the S MB model is 
most unlikely. Additionally, iDecarli et al. llEoibb) discovered 
a quasar close to SDSS J0927-I-2943, that has a radial velocity 
difference of ~1400 km s~' and projected distance of 125 h^g 



ainerence o r ~14UU Km s ana p i 
kpcB Also IShields et all (l2009ai) 



(l2009al) supported the idea that this 
system is a superposition of two active galactic nuclei. There- 
fore, off-centered broad line profiles in this object may be ex- 
plained as an emission of two visually close binary quasars, 
with small angle separation. 

In general, Hne shape of SDSSJ092712H-294344 (and other 
similar emitters) may indicate four possible situations: i) a re- 
coiUng SMBH (Komossa et al., 2008); ii) a SMB where one 
BLR emits dPotti et al.L i2009bl) : ii) a su perposition of two 



visually close, (non -)interacting, AGNs (iVivek et al.L 12009 



Decarli et al. [ l2010bl) and iv) an effect of the complex velocity 
field in the BLR. 
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Fig ure 7: Unusual line pro files of the broad H/3 from the SDSS spectra reported 
by iEracleous et alll201 ih . The solid vertical line denotes the H/3 narrow line 
location. The vertical dotted line s indicated a window of ±5,000 km s"' the 
center (see lEracleous et ^1201 iL in more details). 
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Figure 8: The observed H/S profile of SDSS J092712.65+294344.(). The 
vertical dashed lines correspond (from left to right) to the HyS and 
[O III]/l/i4959,5007 with the cosmological redshift z=0.697 and soHd verti- 
cal lines to HyS and [O III].l/i4959,5007 with z=0.713. This and diff'erence in 
FWHM between [O III]i.l4959,5007 (with z=0.713) lines and their smaller flux 
ratios (< 2, expected ~3) ruled out recoiling SMBH hypothesis and confirmed 
visually close AGNs. 



Additionally we analyzed in more details the spectrum of 
SDSS J092712.65+294344.0. Using a simple analysis we try 
to identity the lines, and found that there are probably merged 
emission of two AGNs (see Fig. [8]) one with redshift of z=0.697 
(denoted with vertical dashed lines in Fig. |8]l and one with 
z=0.713 (vertical solid lines). From a simple analy sis we found 



two re dshifted sets of lines almost the same as in IVivek et al 
(l2009l) . It is interesting that [OIII]i4959 of one object, at 
z=0.713, is superposed with [Olll]/I5007 of another object at 
Z-Q.691 . Additional supports of the hypothesis of emission 
of visually close AGNs at different redshift is the ratio of the 
[O III] Unes that i s smaller than 2 (but should be around 3, see 



Dimitriievic et al.L 12007.) and that there is significant difference 



in the [OIII] widths, shifted at z=0.713 where [OIII]^4959 A 
is significantly broader (400 km s"') than [O III]^5007 A (-270 
km s"'). 

As we mentioned above, broad high off-centered line pro- 
files can be explained by different effects in the BLR. Such 
profiles m ay be explained by th e distribu t ion of B LR gas pro- 
posed by iGaskell et all (l2007b : iGaskelll (l2010bl) . as e.g., in 
Fig. |9] (up) is an example of the unusual, HyS, profile of 
S DSS J0946-H0 1 39 (d ots) and the best fit with model given 



m 



Gaskell et al 



(I2007h . As one can see from the Figure, the 
model can perfe ctly explain 'u nusual' profile of this object (see 
in more details IGaskelll l2010bi) . There are other models, as 
e.g., two component model, tak i ng high velocity (out-)in-flow 
dPopovic et al. 1 12004 iBon et al.l i l2009allbl) can reprod uce simi 



lar line profiles. Additionally, as it was presented in lllic et al 



(2010), an accelerating outflow model for the BLR (very close 
to the SMBH) can generate broad emission line profiles rang- 
ing from the double peaked to the high off-center shifted broad 
lines. 

Nevertheless, it is not possible to totally rule out the SMB 
scenario in the case of unusual and off-centered broad line pro- 



files, as e.g., SDSS J1529-H333 dTsalmantza etalil201lh where 
the peak shift is extremely high (~6000 km s~^) and also stel- 
lar distribution in the host is extended, indicating per turbation 
in the stellar disk structure dTsalmantza et all |201 li) . Gen- 
erally, the recoiling SMBH hypothesis had small probability 
in these cases because of high off-center shift (although kick- 
off velocity may be e xtremely high in some special cases, see 



Sperhake et al.L 1201 11) . Next possibility is that here may be a 



SMB system with significantly smaller mass of a secondary 
that has a BLR. Future observations and additional evidence 
will confirm or rule out the SMB scenario for this object. 

At the end considering a probability that SMBs emit sin- 
gle high (low) shifted or double-peaked lines, it seems that is 
higher probability to observe single low (high) shifted lines than 
double-peaked in such a system, however, the problem to re- 
solve the SMB effect and effect of the complex BLR structure 
remains. As one example, we show in Fig. |9](down) similar 
(off-center shifted) line profile that may be emitted from a SMB 
system with a binary BLR, and observations c an be fit t ed with 
specific model of the BLR (see panel up, and iGaskeli 1201 Obi 
in more details). 

3.3. Variability of the broad line profiles and SMBs 

The variability of broad spectral line shapes is in principle 
expect ed in the case of a SMB system (see ,GaskelL,1983, 1985i, 
1996allbl) . First, the variability can be caused by orbital motion 
of the SMBs, i.e., different positions of the component with 
regard to the observer 

We explored variability of the line profile due to or- 
bital moti on o f the binary using above mentioned toy model 
dPopovic et al.l 12000) . We obtained that in a 11 -year period, 
see Fig. |9](down), there cannot be detected significant variabil- 
ity in the line profile due to the orbital motion of binary at > 0.1 
pc distance (see Eq. 2). That is expected in the case of close 
BLR, since if there is a BLR around each of the SMBHs, and 
system is not semi-detached, the orbiting periods are probably 
around a couple of 100s years. 

On the other hand, the broad lines show variability in many 
AGNs, and one can expect that the broad line regions in a SMB 
(both of them) may show variability, and in this case the broad 
line profiles should change during the time. The expected vari- 
ability is that the far wings will not change simultaneously. It 
may be the case where projected orbital velocity is high, and the 
broad emission lines are separated (or double-peaked). How- 
ever, as we noted above (see also Table[r|and Fig. HJ, the most 
probably is that line shapes emitted from a SMB are asymmet- 
ric, and drift velocity is probably smaller than FWHM of each 
component. This will lead that both (blue and red) wings vary 
nearly simultaneously. 

Considering different phase in SMB evolution, the variabil- 
ity can be significant and important when SMBHs are closer 
than characteristic distance for the BLR (see Table [TJ, i.e., in 
the case of semi-detached SMB system. In this case one can 
expect merging of the gas from two BLRs, and different shocks 
in a new formed BLR. This may produce a high variability, not 
only in the intensity of the broad Unes, but also in the line pro- 
file, since orbiting period is getting shorter, and geometry of the 
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Figure 9: Up: The observed, unusual, H/S profile of SDSS J0946-I-0139 (dots) 
compared wi t h the oflf-axis i llumination model (solid line, model is given in 
iGaskell et alillOOTl ^ lGaskeil [2010b). Do wn: Similar profile, o btain by a toy 
model (for the SMB system described in§3 lPopovic et alll2000t) . The variabil- 
ity due to different phase (position with regard to the observer) in the 11 -year 
period are simulated (seen as slight changes in the left and right side from the 
narrow line. 



emtting gas is driven by the orbital motion of the SMBHs and 
thermodynamic al processes. 

Additonally, nonaxisymmetric waves can be induced in the 
inner p art of the circumbinary disk by the tidal potential of the 
binary (iHavasaki & Okazaki . l2009h . These waves could cause 
changes in emission line profiles. Therefore, variability in the 
line profiles and intensity may be very perspective for discovery 
of sub-parsec SMBs. 

However, a line variability is very frequent in the broad lines 
of AGNs, and the question is; what is the expected difference 
between the line variability of the BLR around one SMBH and 
around a SMB? First of all, in the case of a single SMBH, the 
variability is caused by the brightness of the central source, 
and one cannot expect huge and violent variabiUty in the line 
shape. Contrary, in the case of semi-detached BLR, geom- 
etry may be affected by waves and shocks caused by tidal 
potential of the SMBHs. Therefore, AGNs showing unusual 
and violent changes in the broad line profiles potentially may 
be candidates for SMBs. Note here that quasars very often 
show variability in the broad line spectra, an amplification in 
the line intensity as the response to outburst in the continuum 
sourc e emission ( Gaskell & Soarke , 1986 ; Peterson & Gaskelli 
19861: IPeterson et all l2004 . But some AGNs, additionally 
to the line flux variation, s how a very high var iability in the 
line shape, as e.g., Mrk 926 (IKoUatschnv & ZetzL 2010) where 
blue wing shows higher variation than red one. Another ex- 
ample is, well known AGN, NGC 4151 that shows very huge 
changes in the line profile during a n 11 -year monitoring pe- 
riod (see IShapovalova et al. . l2010bl) . However, a problem is 
that such violent changes in the line profile can be caused by 
other effects, as outflows, inflow s , perturbation in the emis- 
sion disk, etc. dGaskellL l2010bl: IShapovalova et all l2010bl: 



Jovanovic et al 



2010h . 



3.4. Probability of SMBs detection using broad emission lines 
To find the probability to observe a binary BLR, one should 
clarify how often SMBs a re present in the Unive rse. There 



are some estimates, as e.g.. lHaehnelt & KauffmannI (l2002h pre- 
dicted that less than 10% of faint ellipticals and 40% of bright 
ellipticals har bouring an SMB in th eir center with near equal 
masses, while fv^lonteri et aL ( 2009h . usinng models of assem- 
bly and growth of SMBHs in hierarchical cosmologies, found 
that sub-parsec quasar binaries are intrinsically rare, i.e., the 
best models predict 0.01 deg"^ sub-parsec binary quasars with 
separations below 10"^ Schwarzschild radii (with corresponding 
orbital velocity larger than 2000 km s"' at z < 0.7). In a sample 
of 10,000 quasars, they predicted an upper limit of only 10 sub- 
parsec binary ones that gives 0.1%, but the number of binaries 
increases rapidly with increasing redshift and one can expect 
more SMBs at larger redshift. 

As we mentioned above, the mass ratio is very important in 
the dynamics of the SMB s, and the investigation performed 
by iHavasakietaD (1201 Ol) showed fliat (1.5%+0.6%) of the 
total number of nearby AGNs for the equal-mass ratio and 
(1.3%+0.5%) for the one-to-ten mass ratio have close binary 
massive black holes with an orbital period of less than 10 yr. 
Note here that such objects may be detectable with ongoing 
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highly sensitive X-ray (see Table[T]and discussion further in the 
text). 

It is interesting if all SMBs have the equal-mass ratio then 
one can expect that about 10% of AGNs with black-hole m asses 

I2OI0I) . 



This 



of 10^'^^^Mo have close binaries (IHavasaki et al. 
provides a good chance to detect such systems. 

Concerning recoiling SMBHs, the re is a small probability to 
observe them. iBonning et al.l (120070 found an upper limits on 
the incidence of recoiling black holes in QSOs of only 0.2% for 
kicks with velocities greater than 800 km s"', and significantly 
smaller for higher velocities (e.g., 0.08% for kicks greater than 
2000kms-i). 

The probability to observe BLR from SMBs derived from ob- 
servations of broad emis sion lines are significantly lower E.g., 



Tsalmantza et alj (1201 lb presented the results of a systematic 



search for massive black hole binaries in t he SPSS spectro 



scopi c database, taking some constraints ('see lTsalmantza et al 
201 lb and for a sample of 54586 quasars and 3929 galaxies 
at redshifts 0.1 < z < 1.5 only nine possible candidates for 
SMBs are selected^. Some better score of 14 candidates was 



find in lEracleous et alJ ([201 1). This give an experimental result 
of an order of 0.02% candidates from the SDSS datebase. Such 
difference between predictions and discovered SMB candidates 
may be explained with the fact that the broad emission line pro- 
files (emitted from binary SMBHs) are mostly asymmetric and 
with a small radial velocity drift (see Fig. |4]l. This may indicate 
that we observe a number of binary SMBHs supposing that they 
are ordinary AGNs. This could have some consequences in the 
BLR physics investigation, as well as in estimates of SMBH 
masses using broad e missio n lines (in more details, see review 
iMarziani & Sulenticibol 1 , 



in this issue). 



Note here that in the radio emission there is a slightly bet- 



ter ch ance to see radio double-core sources. iBurke-Spolaoi 



(1201 li) searched for binary supermassive black holes using a ra- 
dio spectral index mapping technique which targets spatially re- 
solved, double radio-emitting nuclei. Only one source was de- 
tected as a double nucleus in a sample of 3114 radio-luminous 
active galactic nuclei, that is around ~0.03%. 

4. Double peaked narrow lines and SMBs 

Here we will shortly discuss the narrow lines and SMBs. 
Taking into account that the narrow line region - NLR is the 
most extensive region in AGNs, the galaxy mergers (or binary 
black holes) at a larger distance may be detected by the nar- 
row emission lines (NELs). It is better to call such systems 
the interacting AGNs. Interacting AGNs at distances of sev- 
eral kpc may show two sets of narrow emission lines in a single 
spectrum owing to the orbital motion of the binary, but there 
is a problem with the radial velocities, since (see Table [TJ an 
expected radial velocity is significantly smaller than observed 
FWHM of the narrow lines. 



Nevertheless, using SDSS database (see e.g. I Schneider et al 



2007). it was found that in a number of AGNs the double- 



peaked narrow lines are present (see e.g. IXu & K omossa. 



l2009tlWang et all 2009|: Smith et 


al..2010|:Liuetal..2010allhl: 


Chornock et al. ,l2010l; Peng et all 


201ll:lFuet al., 2011allbh. 



The double peaks of NELs could result from pairing active 
SMBHs in a galaxy merger, but also could be due to bulk mo- 
tions of narrow-line region gas around a single SMBH (see e.g. 



Rosario et al.L 12010). and also possibility of projected close vi- 
sually AGNs at different redshifts. 

There are several examples w here double-peak ed narrow 
lines indicate interacting AGNs: Fu et al. (I2OI lb) observed 
a SDSS sample AGNs with double peaked NELS (total 50 
AGNs, 17 type-1 AGNs between 0.18 < z < 0.56 and 33 
type-2 AGNs between 0.03 < z < 0.24) and found that the 
new images reveal eight type-1 and eight type-2 sources which 
are apparently undergoing mergers. Another example is SDSS 
J09527. 62-1-255257. 2, a radio-quiet quasar shown by previous 
imaging t o con sist of a galaxy and its close (1.0 ) companion. 



McGurM (1201 Ih found two AGNs, one of a Type 1 AGN with 
both broad and narrow lines, and a type 2 companion galaxy 
with only narrow lines. These two AGNs are sepa rated by 4.8 



kpc, i. e., they are interacting galaxies. Moreover, IWang et al 
(2009) found a good correlation between the ratios of [O III] 
shifts and the double peak fluxes in a sample of 87 AGNs 
from the SDSS, that favors the explanation of kpc-scale binary 
AGNs. 

However, it seems that the most of double peaked NELs are 
originated i n the complex NLR t han in kpc-scale SMBs (see 
Shen et al.1 |201l'). Additionally, 'Tin gav & WavthI (2011') ob- 



served in the radio band of a subsample of 11 AGNs taken 
from the sample of 87 double peaked narrow line objects. They 
did not find any double cores, this does not substantially sup- 
port the idea that AGNs with double-peaked optical emission 
lines contain binary black holes. There are processes which can 
result in double peaked narrow lines (as e .g., outflow, or sys- 
tematic motion of gas, etc., see Shen et aL.boiL). but they can 
be product of the inner structure NLR dShen et al. , 2011 ) and 
emi ssion in the same line s that comes from host galaxy (see 
e.g. iCrenshaw et al. . 2010h . It seems that in principle, a small 
num ber of double-pe aked NELs have kpc-scale SMB origin, as 
e.g.. lFuetai](l2011 a') estimated that only 1 % of binary AGNs 
would appear as double-peaked NELs in SDSS spectra. 

At the end let us discuss the possibility to detect a recoiling 
SMBH and sub-parsec SMB using NELs. 

In the case of a recoiling SMBH, the accretion disk, formed 



around kicked off' SMBH , is illuminating the gas (ISiiacki et al 



Note here that they found 32 objects with pecuHar broad spectral hnes 



201 ItlFarris et al.Ll201 lb in its former host galaxy from the out- 
side. The narrow emission lines arise from gas predominantly 
orbiting in the poten tial of the host galaxy and will not follow 
the recoihng SMBH jMerrittlEoOel) . The recoihng SMBH may 
also ionize the gas from host galaxy, producing narrow emis- 
sion lines, and forming an NLR different from one emitted by 
the NLR of host galaxy. In this case one should expect complex 
line ratios and widths, and split between in the narrow lines. 

On the other hand, if a SMB system is embedded by the low 
density gas, the gas (NLR) will be illuminated by two sources, 
and a high anisotropy in the NLR is expected. This can lead to 
different line ratios than in the case where gas is illuminated by 
only one source. Additionally, perturbation in the gas inside the 
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around each b l ack hole long before th e black hole coalescence 



jO'Neill et al.L 120091; iHavasakil 1201 ll) . In the case of recoil 



Figure 10: The complex naiTow line profiles of Mrk 533 (up), it seems that 
there are three dilferent velocity regions and superposition of the velocity 
fields obtained from the [O 111] lines. Down: The outflow map (gray columns 
[Smirnova et al., 2007) and radio observations of the S-shaped radio structure 
llMoi Tiiian et al.i . i2003i) that may indicate a SMB system in the center of Mrk 
533. 



NLR (where orbiting of the binary is expected) may affect the 
kinematics of the outherpart of the NLR, i.e., a complex veloc- 
ity field in the NLR may be present, and consequently it would 
result in the complex narrow line shapes. Note here the case of 
Mrk 553, where VLTl radio observations of the central part rec- 
ognized overall S-shaped pattern that (beside o f compact radio 



jet in the center) might be a black hole merger jMomiian et al 



2003|). The investigations of the [Olll] kinematics showed a 
very complex NLR structure, and it was interesting that veloc- 
ity field very well c orresponds to the S-sh aped structure (see 
Fig. [TOl and paper of lSmirnova et al.L 120071) . 

The double peaked narrow lines, probably, in a few cases 
may indicate kpc-scale SMBs, but more perspective seems to 
be to investigate the influence of the pc or sub-pc SMBs on the 
narrow line gas physics and geometry. An anisotropy in the 
NLR is expected in that case, and might be that the [OIll]/l/l 
4969,5007 lines (their ratio and shape) could give more indica- 
tion that the source of illumination of the NLR is not a single 
SMBH. 



5. The Fe Kor line and SMBs 

The broad iron line (Fe Ko'), at 6.4 keV at r est energy, is 
observed in a number o f AGN s (see lNandra et al.. 1997, 2007; 
de La Calle Perez et al. . 2010h . and it is assumed that the line 
is emitted from a compact relativistic disk around a SMBH. 
The emission can come from the first stable orbit and con- 



sequently can be us ed to explore the basic SMBH properties 
(see in this volume Jovanovic , 201 1', and references therein). 



There are a number of papers discussing the possibility to use 
the Fe Kg line for the diagnostic of black hole parameters 
(see, e.g.l Jovanovic & Popovic','2008'.'2009 UBallantvnell2010l; 
Patrick et al.. 2011; Jovanovic, 2011, etc.). 

As it was noted above during of merger phase of two SMBHs 
there is a sufficient amount of gas with some angular momen- 
tum that it is accreting onto the SMBHs in the form of accre- 
tion disks that emit strong X-ray radiation. It was found that 
the high-energy radiations are emitted from an accretion disk 



ing SMBH, it is expected that gas falls in the SMBH produc- 
■ luminosity that could exceed 10'*'' ergs"' (see 
In the case of X-ray SMB emitting disk(s), the 



iFuiitaL 120091) 



two accretion disks may be warped at outer parts and connected 
with an outer large circumbinary accretion disk (see IYu & Lu , 



20011) . This can indicate that (one or) two accretion disks can 
contribute to the X-ray radiation, and consequently to the Fe 
Kg hne. The differe nt aspects of X-ray (or accretion disk, see 
O'Neill et al.L l2009l) radiation from SMBs can be considered 



(see in more details iMcHardvl I2OI0I: lOilfanovl l20ld and ref- 
erences therein), but here we will shortly discuss the broad Fe 
Ko- line emitted from SMBs. 



Particularlv. lYu & Lul (120011) discussed possibility to use the 
shape of the Fe Ka line to explore possibility of the binary black 
hole. They found that the line profiles of iron line may be very 
complex, with several peaks. They concluded that the AGNs 
with unusual Fe Kor line profiles, which also have short time 
X-ray variability (order of a couple of hours) may be a good 
candidate for SMBs (see in more detail IYu & Lul 120011) . The 
spin axes of the two SMBHs are very likely to be misaligned 
(iBe^elman et al. . Il980t l lYu & LuLl2001h . therefore the accretion 
disks in this system associated with the SMBs can also have dif- 
ferent inclination angles to the line of sight as well as different 
parameters. Taking this into account one can expect that SMBs 
are expected to emit a very complex Fe Ko- emission. 

Assuming that Fe Ka is coming from accretion disks very 
close to SMBHs we modeled the resulting profiles (see Fig. 
[TTI ). We assumed emission of one near face inclined disk (in- 
clination 5 degrees) and an additional disk line emitted from a 
disk with inc Unation of 45° . We u s ed ray-tracing method fsee in 
more details Popo vic et al. . 2003 : Jovanovic & Popovidlioogl 
and references therein), taking that both disks have the same 
dimensions of 50 Rg (gravitational radii as outer radius) and 
that emission is coming from the first stable orbit for a rotat- 
ing black hole with spin a=0.5. We take different distances 
between two black holes, and consequently different maximal 
orbital velocities for the two SMBHs with equivalent masses 
{M.BH - IO^^Mq). The accretion disks and emitted line profiles 
in the rest frame are presented in Fig. [TT] 

As one can see in Fig. (TT] even in the case of small radial 
velocity (in the case of different accretion disk orientation), the 
composite Fe Ka profile will result in double-peaked profiles, 
and it seems that Fe Ka can be used for detection of SMBs. 

There are several observations where 'unusual' (shifted or 
multi-peaked) Fe Ka are reported, as e.g., NGC 4151 and NGC 
35 16, it was found that two disks with different inclinations bet- 
ter fit the Fe Ka line p rofile (see e .g. ,^ ^ng et al., 1999) - in 
the case of NGC 4151, IWang et al.1 i 19991) found that an alterna- 
tive explanation is a model consisting of a narrow core and two 
disk lines with inclinations of 58° and degree, respectively, 
that also may indicate a SMB system. There are also several 
other examples: Mkn 766 where the Fe Ka line showed vari- 
ation in the profile (see Turner et al.. 2007; Miller et al., 200i 
and PG 1402 -h261 where line centroid energy at 7.3 keV ap- 
pears blueshifted with respect to the Fe Ka emission band and 
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de La Calle Perez et al. , 2010f) . second, as a rule t he intensity of 



Figure 11: Four panels in the first row-up: The simulation of the accretion 
disks and corresponding Fe Kff line profiles for the same dimensions of the 
disk Ro„,=50 Rg, but for different inclination of five degree (two panels left up) 
and 50 degrees (two panels right up). Panels below this: The simulated total 
line profiles emitted from a SMB system with different distances, i.e., maximal 
radial velocities 0, 500, 5000 and 50000 km s"', from the left to the right (up 
to down), respectively. 



the bl ue wing of the hne extends to 9 keV in the quasar rest 
frame (iReeves et all l2004l) . As an illustration of the binary X- 
ray nucleus and corresponding (composed) spectra (with the Fe 
Ka line) is present in Figure [12] AGN Mrk 463, has double- 
nucleus that was resolved with the HST (panel up-left) and 
Chandra (panel up-right) and composite X-ray spectrum ob- 
tained by XMM Newton is present in panel down, where t he 
double-peaked Fe Ka profile is present (iBianchi et all 120081) . 

Additionally, there are possible (quasi)oscillation modes in 
circumbinary disks around eccentric and circular binaries. E.g., 
iHavasaki & Okazakil (l2009l) found that some kind of shock 
waves can be induced in the inner part of the circumbinary disk 
by the tidal potential of the binary. These waves may cause 
variability in emission line profiles emitted from such disks. 
Moreover a circumbinary disks around SMBs may have differ- 
ent characteristics (structure) than disk around a single SMBH 
fciu & Shat^iro[l2010i) . and consequently it can affect the Fe Ka 
line profile. Therefore, (quasi)periodical oscillations (QPOs) 
may be in dicator of SMBs presence (see more detailed dis- 
cussion in 



McHardvil2010l) . Taking rapid var iation in the X- 



ray and huge amount of high-energy radiation IPe Paolis et al 



(2003) pointed out three AGNs (Mkn 501, Mkn 421 and Mkn 
766) as potential candidates for SMBs, but note here that insta- 
bilities in the accretion disk around single SMBH can lead to 
the quasi-periodical oscillations and very rapid variability. 

There are many examples about shifted (or multi-peaked) Fe 
Ka, and here is out of scope to discuss all of them, only we 
mentioned some problems which appear with using the Fe Ka 
to detect SMBs. First of all, only sma ll fraction, around 40%, of 
type 1 AGNs emits broad Fe Ka hne dNandra et allll997ll2007 : 



the br oad Fe Ka is decreasing with luminosity dNandra et al 
19971) . Third, the spectral resolution in the X-ray band is too 



low to detect some fine structures in the line profile, and finally, 
there is similar problem as in the case of the broad emission 
lines, the emission may partly come from the accretion disk and 
partly from an additional region, or even non -axisymrnetric il - 
lumination can affect the disk line profiles (see lYu & Lu , I2OOOI) . 



6. Unusual constellation of SMBHs: emission lines of multi- 
SMBHs, binary quasars and lensed SMBs 

Here we briefly discuss various unusual object (SMB) con- 
stellations which can be (probably rarely) present in the nature, 
but where spectral lines can be used to clarify the nature of ob- 
jects. 

6.1. Multiple SMBHs 

One possibility is that at pc-scale, a s a final merger 
stage, there are more than two SM BHs ('Hoffman & Loeg, 
20071: 1 Amaro-Seoane & Freita4l201 l l : Kulkani & Loeb, 201 1). 
Emission lines from such, complex SMBH system, would re- 
sult in a very complex shape, but also, there is a possibility that 
only one of them are able to emit lines. On the other hand, the- 
oretically could be possible that, at the same time, recoiling and 
SMB system may be present (in a multi-SMBH sy s tem). 



Triple AGNs o n tens kpc ([Djorgovski et al.L l2007n and 



several kpc-sca le (ILiu et all 1201 Ih were observed, as e.g.. 



Liu et alj (1201 ll) reported the discovery of a kpc-scale triple 
AGN, SDSSJ1027H-1749 at z = 0.066. The galaxy contains 
three emission-line nuclei, one with offset of 450 and second 
with 1 10 km s ' in velocity from the central one. It is interest- 
ing that all three nuclei are classified as obscured AGNs based 
on optical diagnostic emission line ratios, with black hole mass 
estimates as around 10** from stellar velocity dispersions 
measured in the associated stellar components. 

In a multi component SMBH system, one can expect 
more complex situation, as e.g., line with three peaks, 
or strongly shifted two components. In some AGNs, as 
e.g., in SPSS J 153636.22-H044127.0 three peaks were found 



dChornock et al. , I2OIOI) . However up to now, only kpc 



scale triple systems have been observed (see iMortlock et al 



2011 



1999 : lDiorgovski et al.ll2007tlChornock et al.Ll2O10HLiu et al 



6.2. Binary quasars, SMBs and gravitational lenses 

Binary quasars are also the matter of debate; whether 
they are interacting systems and ho w muc h they are con 



nected with SMBs ^ (jKochaneketall Il999t iMortlock etal 



1999t 'Foreman et al.', '2009'). There are a number of binary 
quasars (Henn awi et al.. 2006.) and they are probably interact- 
ing quasars. 

On the other hand, the phenomenon of gravitational lens 
gives us possibility to observe (and resolve) sources which will 
be out of sensitivity of our telescopes without amplification 
caused by the lens effect. This effect may help us to investigate 
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an unresolved BL R structure (microlensing effect in the broad 



emission lines, see lAbaias et al.Ll2002tlSluse et aliuOl In . The 




MRK463 XMM-Newton pn+MOS 




Energy (keV) 

Figure 12: Mrk 463 (north is up, east to the left). Up left panel : HST optical 
(filter f814w) image of this double-nucleus galaxy. Up right panel : hard X- 
rays Chandra contours superimposed on the 2. Ivm HST image: two unresolved 
nuclei are clearly detected in b oth bands. Do i vM:.XM M-Newton EPIC, MOS 1 
and ]V[0S2 spectra of Mrk 463 teianchi et aill2008h 



question here is: Can gravitational lens help us to detect a sub- 
parsec SMBs? In principle it may be a case in nature. Hypo- 
thetically, there is possibility, as it is shown in Fig. [T3](up), that 
a SMB is lensed by foreground galaxy, and because of different 
amplification of SMBHs (let us say SMBHi_2) emitting regions, 
observational effect can be as following: In one component (im- 
age) the emission from the region of SMBHi is dominant and 
in another image the emission of the SMBH2 emitting region. 
This may result in different line profiles in two images of a 
lensed SMB, since there are velocity drift (due to orbital mo- 
tion) and different line shapes between emitting regions around 
SMBHs. Consequently, one may misleadingly conclude that 
there is, e.g., a binary quasar instead of a lensed SMB at pc or 
sub-pc scale. 

An example is binary (or lensed) quasar RXJ 092 1 -h4529. As 
it can be seen in Fig. [T3](down), the line wings of the (reduced) 
line spectrum of the component B very well fi t the wings of 



lines in the spectrum of the component A (see iPopovic et al 
I2OIO'). Here may be a possibility that RXJ 0921-f4529 is a 
SMB system with velocity drift around 2700 km s"' (obtained 
from difference in the redshift Az ~ 0.009) between two SMBs. 
Howevlser, such high velocity drift in dicates that here is pr ob- 
ably a visually close binary (see .Dotti & Ruszkowskill2010i) or 
binary quasar 

At the end, the lensed SMB system may, in perspective, be 
observed, but the problem is to find method to resolve two broad 
line components, especially if the amplification of two SMBH 
emitting regions is nearly the same. On the other hand, a lensed 
SMB systems may appear as a binary quasar, since the line pro- 
files (and shifts) may be different in two images of a SMB. This 
effect may be interesting to investigate in the near future. 



7. Conclusions 

Here we consider emission lines as a tool to detect SMBs. 
Mainly we considered the broad emission lines which are emit- 
ted from the BLR. The basic problem with broad emission lines, 
is that the nature (geometry and structure) of BLRs in the, so 
called, ordinary BLR (where only one SMBH is present) is still 
purely known. There are several models which can be applied 
to explain broad emission lines, but we focused here on mod- 
els which could explain unusual double- (multi-) peaked line 
profiles and highly shifted broad lines with respect to narrow 
component. 

Considering the unusual broad emission line profiles we can 
outline following conclusions: 

i) The unusual double-peaked profiles can be explained by a 
disk (or off-axis) model, taking into account different additional 
effects, but some specific characteristics as e.g. Ha/li/3 flux ra- 
tio, variability in the broad line profiles may indicate some SMB 
effects. In any case investigations of the objects with unusual 
double-peaked lines and their understanding is necessary in or- 
der to understand the nature of disk emission and its possible 
connection with SMBs. 
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Also, shortly we discuss the narrow emission lines and Fe 
Ka, an X-ray, line and we can outline following: 

i) The double-peaked narrow emission lines may indicate a 
kpc-scale SMB, but it seems that the double-peak origin in nar- 
row emission lines is caused by the complex velocity field in 
the NLR (or superposition of two visually close AGNs). How- 
ever, unusual forbidden narrow line ratios and shapes may be 
present in a pc, sub-pc SMB system. 

ii) The broad Fe Ka line may be very perspective for sub- 
pc scale SMB detections, but there are some problems, as 
e.g., spectral resolution, complex disk emission, etc. The 
(quasi)periodical oscillations in the X-ray spectra (conse- 
quently in the Fe Ka line) emitted from a SMB system are ex- 
pected. 

Additionally, we discussed (probably rare) situations that 
emission from a SMB is amplified by a gravitational lens. It 
would be interesting to explore such possibility in known lensed 
and binary quasars. 

At the end, in general, the broad spectral emission lines of 
AGNs may indicate presence of SMBs, but there are many 
problems that should be solved, first of all it is the nature of 
the BLR, that is not purely understand yet. Consequently, all 
observed unusual broad line profiles suspected to be from SMB 
(or recoiling SMBH) candidates may be very well explained 
with alternative models of the complex BLR around a single 
SMBH. 
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Figure 13: Up: Gravitational lens effect on the close sources. Down: The 
spectra of RXJ 0921+4529, where the lin es from the compone nt B (reduced) 
well fit the line wings of the component A. jPopovic et alll2O10l) 



ii) The high shifted broad emission lines (asymmetric or 
nearly symmetric) can also be modeled with specific BLR mod- 
els (as e.g., off-axis model iGaskellL [2010bl) . but also there is 
a possibility that such line profiles indicate SMBs (where the 
BLR has been associated with one SMBHs) or a kicked-off 
SMBH. 

iii) In both peculiar cases, mentioned above, one should find 
additional evidence about presence of SMBs that may be found 
in the other part of spectra, as e.g., in the (quasi-)periodical 
oscillations 

iv) Beside unusual line profiles, the SMBs may emit asym- 
metric (even symmetric) slightly off centered line profiles simi- 
lar to the ordinary BLR. This opens a question: is there a larger 
number of SMBs than AGNs with unusual broad line profiles? 

v) Variability in the line profile is expected in the case of 
SMBs, but it is likely that this variation is present in the so 
called semi-detached SMB system. It is unlikely to observe 
variability in the broad line profile caused by orbital motion of 
the SMB components. 

vi) The line intensity ratios emitted from the region (from) 
around a SMB system seem to be different than ones emitted 
from a region with single SMBH, and it would be interesting to 
investigate this effect as a possibility to detect SMBs. 
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